Abstract The cystic fibrosis transmembrane conductance regulator (CFTR) is abundantly expressed in the kidney. CFTR mRNA is detected in all nephron segments of rats and humans and its expression is higher in the renal cortex and outer medulla than in the inner medulla. CFTR protein is detected at the apical surface of both proximal and distal tubules of rat kidney but not in the outer medullary collecting ducts. The localization of CFTR in the proximal tubules is compatible with that of endosomes, suggesting that CFTR might regulate pH in endocytic vesicles by equilibrating H + accumulation due to H + -ATPase activity. Many studies have also demonstrated that CFTR also regulates channel pore opening and the transport of sodium, chloride and potassium. The kidneys also express a CFTR splicing variant, called TNR-CFTR, in a tissue-specific manner, primarily in the renal medulla. This splicing variant conserves the functional characteristics of wild-type CFTR. The functional significance of TNR-CFTR remains to be elucidated, but our group proposes that TNR-CFTR may have a basic function in intracellular organelles, rather than in the plasma membrane. Also, this splicing variant is able to partially substitute CFTR functions in the renal medulla of Cftr -/-mice and CF patients. In this review we discuss the major functions that have been proposed for CFTR and TNR-CFTR in the kidney.
Introduction
The major role of the kidneys is to maintain the extracellular sodium chloride (NaCl) concentration that regulates extracellular fluid volume and blood pressure (Morales et al. 2000) . Na + and Cl -are reabsorbed along the nephron, reaching over 99 % of the filtered load under a low-salt diet. Cl -, the predominant anion in the glomerular ultrafiltrate, is reabsorbed along the nephron either by transcellular or paracellular pathways (Taal et al. 2012) . Transcellular transport of the Cl -involves several membrane proteins, including specialized channels (Berend et al. 2012; Morales et al. 2000) . Cl -is the major anion in the blood and is responsible for approximately one-third of plasma tonicity, 97-98 % of all anionic charges, and two-thirds of all negative charges in the plasma (Yunos et al. 2010) . The main source of Cl -is dietary NaCl; the recommended intake is 133-202 mmol/day for adult men and 99-133 mmol/day for adult women in the USA. The concentration of Cl − in plasma is approximately 100 mmol/L, of which about 10 mmol/L is in the intracellular space; the range varies widely from 2 mmol/L in skeletal muscle to 90 mmol/L in erythrocytes. The concentration of Cl − in the interstitial fluid is usually 5-10 % greater than that in plasma (Yunos et al. 2010) . Numerous chloride channels have been discovered in a variety of animal and plant cells, and their modulation and involvement in physiological processes are widely described in the literature. Several human inherited diseases are caused by mutations in the large ClC superfamily of chloride channels or transporters which includes the CLC gene family. The CLC family is found in all phyla, from bacteria to man, and ClC proteins function as chloride channels or Cl − /H + exchangers. ClC channels and exchangers operate as dimers with two largely independent permeation pathways. There are nine different CLC genes in mammals (Planells-Cases and Jentsch 2009), and these encode either plasma membrane chloride channels or transporters that are mainly localized to intracellular compartments such as endosomes, lysosomes, or synaptic vesicles. It seems very likely that all of these primarily intracellular ClC proteins are Cl − /H + exchangers rather than chloride channels (Planells-Cases and Jentsch 2009).
Human mutations in CLCN genes (CLCN1, CLCN2, among others, encode the proteins ClC-1, ClC-2, respectively) cause genetic diseases, among which some of these are directly associated with changes in renal function, producing symptoms such as kidney stones, renal salt loss, low-molecular-weight proteinuria, glycosuria, and more (Planells-Cases and Jentsch 2009). Other genetic disease related to chloride channel dysfunction is cystic fibrosis (CF), a common lethal autosomal recessive disorder caused by mutations in the cystic fibrosis transmembrane conductance regulator gene (CFTR). CFTR is not a member of the CLC gene family; rather, it is a member of the ABC transporter family expressed in a variety of epithelia, including the renal tubules (Li and Naren 2010; Riordan 1993) . Although CFTR is widely expressed in the kidney, minor changes in renal function are observed in patients with CF that differ from the changes observed for renal genetic disease associated with mutations in the CLC gene family. The expression of TNR-CFTR, a splicing variant of CFTR, in the kidney is one possible explanation for this paradox found in patients with CF (Morales et al. 1996) . The main purpose of this review was to discuss the role of CFTR and TNR-CFTR in renal function. Clinical and experimental data suggest that CFTR and TNR-CFTR have important roles in the regulation of a number of the reabsorption processes along the nephron.
Structure and function of CFTR
The CFTR is one of the few members of the ABC protein family that does not function as an active transporter, but as a chloride channel (Bear et al. 1992; Rogan et al. 2011) . CFTR is composed of an intracellular N-terminus followed by six transmembrane-spanning domains (TMD1) that in turn is followed by a first nucleotide-binding domain (NBD1) containing Walker A and B consensus sequences that bind ATP (Collins et al. 1990 (Collins et al. , 1992 Morales et al. 1996 Morales et al. , 1999 Rogan et al. 2011) . Flanking this site is a large regulatory domain (R) [rich in cAMP-dependent kinase (PKA) phosphorylation sites] which is followed by a second set of six transmembranespanning domains (TMD2) and a second nucleotide-binding domain (NBD2) (Fig. 1 ).
There is strong evidence that CFTR's two NBDs form a head-to-tail dimer similar to those found in other ABC transporters (Vergani et al. 2005 ). The two ATP-binding pockets (ABP) for CFTR are defined as follows: ABP1, formed by Walker A and B motifs of NBD1 and the signature sequence of NBD2; ABP2, formed by Walker A and B motifs of NBD2 and the signature sequence of NBD1. The amino acids sequences of CFTR's two NBDs show significant differences-even in the conserved motifs (Chen and Hwang 2008) . For example, the glutamate residue adjacent to the Walker B motif, found in most ABC members, is replaced by a serine in NBD1. A histidine residue that has been shown to play an important role in ATP hydrolysis in other ABC proteins (Zaitseva et al. 2005 ) is also replaced by a serine in NBD1. In addition, the signature sequence in CFTR's NBD2 is degenerated (LSHGH instead of LSGGQ). This structural asymmetry of these two NBDs in CFTR likely accounts for the observation that only ABP2, but not ABP1, hydrolyzes ATP (Aleksandrov et al. 2002; Basso et al. 2003; Stratford et al. 2007 ).
Phosphorylation of many of the consensus serine residues in the R domain is a prerequisite for CFTR function. The phosphorylation of consensus sites by PKA is one mechanism by which CFTR activity is regulated. However, some findings also suggest that protein kinase C can also regulate CFTR activity (Chen and Hwang 2008) .
Once ATP binds to the homologous nucleotide-interacting motifs in the two NBDs, these domains are thought to approach each other closely, sandwiching two ATPs in the NBD1-NBD2 interface. When this intramolecular heterodimer-like interaction occurs, a signal is transmitted through the cytoplasmic-linking domains, resulting in opening of the gate in the transmembrane domain. This channelopening signal is sustained until hydrolysis of one of the ATPs leads to disruption of the NBD1-NBD2 interface and separation of the NBDs. Loss of the signal allows the channel gate to close, terminating anion flow until ATP once again binds to the NBDs (Gadsby et al. 2006) . CFTR function is not only important for chloride transport through its structure; this channel can interact with other transporters to inhibit or increase their respective ion transportation. These interactions could have important effects on epithelia intensively involved in the transport of ions and fluid, such as those found in the lungs and kidneys. For example, CFTR function leads to stimulation of outward rectifying chloride channels (ORCC) (Fulmer et al. 1995; Schwiebert et al. 1998 ) and inhibition of epithelial sodium channels (ENaC) (Kunzelmann 2003; Kunzelmann and Schreiber 1999; Kunzelmann et al. 2000 Kunzelmann et al. , 2001 .
Renal epithelia contain an enormous quantity of different membrane transporters, and the expression of these transporters differs along different nephron segments. CFTR is abundantly expressed in the kidney (de Andrade Pinto et al. 2007; Morales et al. 1996 Morales et al. , 2000 Morales et al. , 2001 Souza-Menezes et al. 2008 ), suggesting the possibility of an important function in renal physiology. Also the question of whether there are interaction between CFTR with other transporters expressed in renal epithelia remains as yet unanswered. In the following sections, we discuss some important findings that suggest a role for CFTR in the regulation of many of the reabsorption processes along the nephron. We also present some experimental evidence that supports a function for TNR-CFTR (a splicing variant of CFTR found only in renal tissues) in the kidney.
CFTR and the kidney
Since the discovery of the gene encoding CFTR, an impressive number of studies have been performed to elucidate the role of this protein in the organs affected by CF. These studies have converged toward the conclusion that CFTR is a small linear Cl -channel regulated by cAMP and that the ΔF508 mutation (present in 70 % of patients with CF) is associated with a loss of this cAMP sensitivity. However, although the vital role of CFTR in secretory epithelia is now widely accepted, its role in reabsorbing epithelia, which includes the kidney, remains incompletely understood (Jouret and Devuyst 2008; Wang 1999) .
It is well known that CFTR is abundantly expressed in the kidney. CFTR mRNA is detected in all nephron segments in rats and humans, and this abundance is more prominent in the renal cortex and outer medulla renal areas than in the inner medulla (Morales et al. 1996) . In agreement with the mRNA findings, CFTR protein has been detected by immunostaining at the apical surface of both proximal and distal tubules of the rat kidney but not in the outer medullary collecting ducts (Crawford et al. 1991; Jouret and Devuyst 2008) . Studies in the mouse kidney revealed that CFTR is mainly expressed in the apical area of the proximal tubules (PTs) (pars recta, S3 segment), with a subcellular distribution compatible with that of endosomes. This distribution resembles that reported for the ClC-5 transporter and vacuolar H + -ATPase (V-ATPase) in Rab5a (a common component of the apical and basolateral endocytic machinery in polarized epithelial cells) enriched fractions (Jouret and Devuyst 2008) . In the human kidney, CFTR protein expression has been detected in the PTs, thin limbs of the loop of Henle, distal tubules, and collecting ducts (Crawford et al. 1991; Devuyst et al. 1996; Morales et al. 1996) . CFTR is also expressed in the branching ureteric bud during early nephrogenesis (Devuyst et al. 1996) . In addition to being expressed in the plasma membrane, CFTR is also located in intracellular organelles along the endocytic and secretory pathways in the PTs where it might act as a pH (Bradbury 1999; Carraro-Lacroix et al. 2010; Jouret and Devuyst 2008) . For this reason, CFTR, a well-known regulator of other membrane transporters, could also work in the kidney as a regulator of intracellular pathways.
CFTR and PT endocytosis
The distribution of CFTR in the apical endosomes of mouse PT cells has revealed its possible involvement in renal endocytosis (Fig. 2) . This hypothesis is supported by evidence obtained using CFTR knockout mouse models to characterize the role of CFTR in the kidney. Plasma and urine analyses revealed that the baseline renal function was normal in Cftr −/− mice. However, the urinary excretion of low-molecularweight (LMW) proteins, such as the Clara cell secretory protein 16 (CC16; 16-kDa protein which leaks from the respiratory tract and is known to be filtrated by glomeruli), was significantly increased in Cftr −/− mice compared with controls, reflecting a possible defect in PT cell apical endocytosis. This finding was supported by the demonstration of a significant decrease in renal uptake of 125 I-labeled β2-microglobulin and aminoglycosides in Cftr −/− mice compared with wild-type mice, both known to be endocytosed by proximal tubules (Jouret et al. 2007 ). The endocytic uptake of aminoglycosides and LMW proteins, such as CC16 and β2-microglobulin, is mediated by the multiligand receptors, megalin and cubilin (Christensen and Birn 2002) . Cubilin is a highly conserved membrane glycoprotein with little structural homology to other well-known endocytic receptors, and it is characterized by the absence of a transmembrane domain (Fig. 2) . High-affinity binding of purified megalin to the N-terminal region of cubilin has been shown in vitro, suggesting that megalin participates not only in the endocytosis and intracellular trafficking of cubilin but also in the anchoring of cubilin to plasma membranes (Fig. 2) . Christensen and Birn (2002) observed a selective decrease of cubilin expression in the straight (S3) segment of the PTs of Cftr −/− mice and an increase in urinary excretion of cubilin ligands, such as transferrin and CC16. Further investigations demonstrated that the lack of CFTR in the kidney is not associated with changes in the biosynthesis of cubilin but, rather, with a significant increase in the excretion of cubilin in the urine of Cftr −/− mice (Jouret and Devuyst 2008; Jouret et al. 2007 ). In contrast to findings reported for ClC-5 knockout mice (Christensen et al. 2003; Souza-Menezes et al. 2007 ), these authors observed no significant changes in the abundance of megalin in the kidney and urine of Cftr −/− mice and no changes in ClC-5 protein expression. These data suggest that the lack of CFTR in renal PT cells could induce cubilin instability at the brush border, leading to accelerated shedding into urine (Jouret and Devuyst 2008; Jouret et al. 2007 ). As such, these data are very intriguing because a similar mechanism is observed in ClC-5 -/-mice and in Dent disease-but with a lower protein expression of both megalin and cubilin. Only cubilin shows a lower expression in Cftr -/-mice (Christensen et al. 2003; Jouret and Devuyst 2008; Jouret et al. 2007; Souza-Menezes et al. 2007) .
Although the entire process remains unclear, the possibility that CFTR can work together with other proteins in the acidification of endosomal vesicles in PT cells cannot be rejected (Fig. 2) . Working within the framework of this hypothesis, in 2010 our group showed that once the rat PT cell line (IRPTC) was cultured in medium containing no Cl -, the activity of H + -ATPase was significantly reduced (Carraro-Lacroix et al. 2010 ). In the same study, our group applied the siRNA technique and showed that a reduction in CFTR mRNA content resulted in a reduction in both H + -ATPase activity and the expression of the B2 subunit of type V H + -ATPase. Corroborating the results observed in Cftr -/-mice, we did not observe any changes in megalin protein expression when the CFTR mRNA content was reduced (Carraro-Lacroix et al. 2010) .
These data (from cell culture experiments and Cftr -/-mice) are strong evidence that at least one of the functions of CFTR in PTs is to regulate the activity of type V H + -ATPase and endosomal acidification, both of which play a very important role in the endocytosis of LMW proteins (Fig. 2) .
CFTR and regulation of potassium channel activity
In the kidney, the renal outer medullary potassium (K + ) channel (ROMK) plays an important role in K + recycling in the lumen of the thick ascending limbs of the loop of Henle (TAL) and in K + secretion in the cortical collecting duct (CCD) based on its expression in the luminal membrane of both nephron segments (Wang et al. 1997) . K + recycling across the apical membrane of the TAL is important for NaCl reabsorption. This mechanism is directly associated with solute concentration in the renal medulla (Greger 1985; Hebert and Andreoli 1984) . Two important renal phenomena are connected with K + recycling across the apical membrane of TAL (Giebisch 1998 In the CCD, K + enters the cell across the basolateral membrane via Na + /K + -ATPase and is then secreted into the lumen through the apical K + channels. It is believed that the ROMK channel provides the major route for K + movement across the apical membrane of the CCD (Wang 1999) .
Previous studies have demonstrated that blocking of the sulfonylurea receptor (SUR) by glybenclamide inhibits ROMK2 activity, probably by increasing the local ATP concentration or by direct interaction between SUR and ROMK2 (Inagaki et al. 1995a, b, c) . Consequently, an accessory protein is required for the complete activity of ROMK2. The expression of SUR1 and SUR2, involved in the interaction with ROMK2 was not detected in the kidney (Aguilar-Bryan et al. 1998 Fig. 2 Schematic representation of the mechanism of megalin, cubilin, and endocytosis in the proximal tubules. a Megalin is a transmembrane protein of approximately 4,600 amino acids (aa) and a nonglycosylated molecular weight of approximately 517 kDa. The extracellular domain (approx. 4,400 aa) contains four cysteine-rich clusters of low-densitylipoprotein receptor type A repeats, which constitute the ligand-binding regions, separated and followed by 17 epidermal growth factor (EGF)-type repeats and eight spacer regions that contain YWTD repeats. A single transmembrane domain (22 aa) is followed by the cytoplasmic tail (213 aa), which contains two NPXY sequences and one NPXY-like sequence in addition to several Src-homology-3 (SH3) and one Srchomology-2 (SH2) recognition sites. Cubilin (left) is an approximately 3,600-aa protein with no transmembrane domain and a nonglycosylated molecular weight of approximately 400 kDa. The extracellular domain contains 27 CUB domains, which constitute the molecular basis for interaction with several proteins. The CUB domains are preceded by a stretch of 110 aa followed by eight EGF-type repeats. The amino-terminal region contains a potential palmitoylation site and an amphipathic α-helical structure with some similarity to the lipid-binding regions of apolipoproteins. Both are potential contributors to the anchoring of the receptor in the membrane. b Schematic view of the endocytosis process described in renal proximal tubules. Observe the important role of ClC-5 and CFTR in the steps involved in endosomal acidification: 1 binding of low-molecular-weight proteins (LMWP) to megalin/cubilin complex, 2 internalization of LMWP bound to megalin/cubilin complex, 3 formation of primary endosome, 4 endosomal acidification by H + -ATPase type V activity and its regulation by CFTR and ClC-5; in this step, the LMWPs unbind from the megalin/cubilin complex, 5 recycling of megalin/cubilin and other transporters to the luminal membrane, 6 LMWPs follow the lysosomal or transcytosis pathway. Here, only H + -ATPase type V, megalin/cubilin, ClC-5, and CFTR are represented; for simplicity, other membrane proteins and transporters are not shown CFTR may couple to the ROMK channels to form a functional renal low-conductance ATP-sensitive K + channel (Fuller and Benos 1992) . Previous studies (McNicholas et al. 1996a (McNicholas et al. , b, 1997 have reported that when CFTR is coexpressed with ROMK2, application of sulfonylurea agents, such as glybenclamide, blocks the activity of the ROMK2 channel. This same group has further suggested that a functional CFTR is required for CFTR/ROMK2 interaction (McNicholas et al. 1997) . The observation that coupling of the ROMK channel with CFTR is essential for restoring the response to sulfonylurea agents has also been reported (Ruknudin et al. 1998 ). In addition, using the voltage clamp technique in Xenopus oocytes, these authors found that millimolar concentrations of Mg-ATP had no significant effect on ROMK1 channel activity. However, when ROMK1 was coexpressed with CFTR, the K + channel became sensitive to ATP (Ruknudin et al. 1998) , suggesting that CFTR may be required to increase this sensitivity.
In CFTR knockout mice and CFTR-ΔF508 transgenic mice, the sensitivity of ROMK to ATP is absent (Lu et al. 2010) .
These data suggest that CFTR could play an important role in the kidney by regulating the activity of ROMK channels in organs where both channels are expressed.
CFTR and regulation of sodium channel activity
A large body of evidence indicates that CFTR is co-localized with ENaC in airway, colonic, and other epithelial tissues (Kunzelmann et al. 2000; Schwiebert et al. 1999) . It has been proposed that ENaC is inhibited when cAMP activates CFTR; this inhibitory effect of CFTR has been used as an argument to explain the pathophysiology of CF in airway epithelia (Mall et al. 1998; Stutts et al. 1995) . In Xenopus oocytes expressing ENaC, co-expression of CFTR reduces the ENaC-mediated Na + current (Briel et al. 1998) , an effect that might be attributed to a direct effect of CFTR on ENaC activity. In addition, Kunzelman (2003) reported that the inhibitory effect of CFTR can be mimicked by the coexpression of other anion channels (ClC-0 and ClC-2) or treatment with amphotericin B and that this effect can be explained by an increase in Cl (Xie and Schafer 2004) . Moreover, in the Xenopus oocyte expression system, CFTR activation inhibits ENaC at a continuous holding potential at which CFTR mediates inward currents corresponding to Cl − efflux (Konstas et al. 2003 ] i is unlikely to fully explain the observed reciprocal regulation of ENaC and CFTR. In addition, extracellular ATP has been shown to attenuate amiloride-sensitive Na + absorption in a variety of tissues, including airways (Devor and Pilewski 1999; Inglis et al. 1999; Iwase et al. 1997 ) and renal epithelia (Cuffe et al. 2000; Inglis et al. 1999; McCoy et al. 1999) .
Similarly, activation of CFTR not only inhibits ENaC but also increases Cl − secretion in native epithelial tissues. The influence of CFTR on the activity of other transporters could be explained by the possible release of ATP through CFTR, and this phenomenon may happen along the nephron segments where both ENaC and CFTR are coexpressed (Kunzelmann and Schreiber 1999; Stutts et al. 1995; Sugita et al. 1998 ). Schwiebert and Kishore (2001) demonstrated the endogenous release of ATP by the FL-MDCK monolayers into the apical but not into the basolateral medium under basal conditions, consistent with measurements in the CCD. This release increased by more than threefold with cAMP treatment (Xie and Schafer 2008) . These data suggest a role of CFTR in the regulation of ENaC, with an interaction between these two channels in renal epithelia where they are coexpressed.
TNR-CFTR expression and function in the kidney
The kidney of patients with CF does not display major changes in renal function. This absence of an obvious renal phenotype is a priori paradoxical because CFTR protein is expressed in the kidney (de Andrade Pinto et al. 2007; Morales et al. 1996 Morales et al. , 2000 Morales et al. , 2001 Souza-Menezes et al. 2008) , and it is involved in the regulation of many reabsorption and secretion mechanisms. In the absence of functional CFTR in the kidney, as observed in CF, other Cl − channels can compensate for the CFTR function, but this does not seem to happen because CFTR is not only involved with Cl − transport but also with the regulation of other channels by mechanisms other than Cl -transport. Morales et al. (1996) showed that CFTR pre-mRNA in the renal medulla can form a splice variant called TNR-CFTR which is highly abundant in the renal medulla compared with wild-type CFTR expression. In their study, the authors showed that TNR-CFTR mRNA lacks a 145-bp fragment corresponding to segments of exons 13 and 14, which encode the last part (7 %) of the regulatory (R) domain of the CFTR molecule (Fig. 3) . This deletion causes a shift in the reading frame, leading to creation of a premature termination codon at exon 14. This alternative structure contains only the first transmembrane domain, the first NBD, and the R domain.
The hypothesis proposed by Morales et al. (1996) that TNR-CFTR is a splicing variant of CFTR, based on the homology of cDNA molecules forming TNR-CFTR and CFTR, is supported by the findings of Souza-Menezes et al. (2008) who showed that the small nuclear RNAs U11 and U12 (small nuclear RNAs present in the composition of spliceosomes that participate in alternative splicing mechanisms) are probably involved in the production of TNR-CFTR mRNA using a primary transcript from the CFTR gene. These authors showed that the pattern of U11 and U12 RNA expression in rat kidneys is similar to that observed for TNR-CFTR in rat kidneys, i.e., high levels of expression in the renal medulla and low levels of expression in the renal cortex (de Andrade Pinto et al. 2007; Souza-Menezes et al. 2008) . Souza-Menezes et al. (2008) also showed that it was possible to observe a significant reduction in TNR-CFTR mRNA expression when U11 and U12 RNA expression was suppressed in a PT cell line.
In the kidney, TNR-CFTR is expressed in a tissue-specific manner, primarily in the renal medulla, and conserves the functional characteristics of wild-type CFTR. This CFTR form is also found in the human kidney medulla, but not in the human kidney cortex (Morales et al. 1996) . Huber et al. (1998) , using primary monolayer cultures of rat ureteric buds and CCDs in different embryonic and postnatal developmental stages, showed that TNR-CFTR does not seem to have a specific embryonic-morphogenetic function but that around birth, TNR-CFTR is upregulated.
After TNR-CFTR identification and characterization, it was hypothesized that all of the factors able to regulate CFTR mRNA and protein expression were also able to regulate TNR-CFTR mRNA and protein expression in renal tissues. This hypothesis is supported by the findings of de Andrade Pinto et al. (2007) who demonstrated the modulation of CFTR and TNR-CFTR mRNA and protein expression by thyroid hormone. Comparing hypothyroid rats and hyperthyroid rats with a control group, these authors observed a decrease in both CFTR and TNR-CFTR mRNA and protein expression in hypothyroid rats and a significant increase in both CFTR and TRN-CFTR mRNA and protein expression in hyperthyroid rats. Lassance-Soares et al. (2010) showed that the hypertonic environment of the renal medulla regulates the expression of CFTR and TNR-CFTR. Stable Madin-Darby canine kidney (MDCK) cell lines treated with hypertonic medium at 480 mOsm/kg or 560 mOsm/kg using NaCl, urea, or sucrose were used in this study. Compared with the control group, CFTR total protein was increased when the cells were treated with NaCl and sucrose but, in contrast, when the medium was hypertonic using urea, CFTR total protein expression did not change. TNR-CFTR total protein expression was increased in cells subjected to hypertonic medium using NaCl, urea, or sucrose. In this work, the authors showed that CFTR was located mainly at the cell surface but that TNR-CFTR was localized primarily within the cells (Lassance-Soares et al. 2010 ). In addition, urea was able to increase TNR-CFTR protein expression but not CFTR protein expression. This was the first study demonstrating that the expressions of the CFTR and TNR-CFTR proteins were differentially regulated in a stimulus-dependent manner.
The functional significance of TNR-CFTR remains to be elucidated, but Morales et al. (1996) brought forward two hypotheses. Because several related members of the ATPbinding cassette family, to which CFTR belongs, function in intracellular organelles as half molecules with TMD1-NBD1 (Mosser et al. 1993; Valle and Gartner 1993) , there is a possibility that TNR-CFTR may have a basic function in intracellular organelles rather than in the plasma membrane. Another hypothesis is based on the fact that this unusual form of mRNA processing occurs only in the renal medulla, a portion of the kidney with high osmolality. Once this half molecule of CFTR works as a Cl -channel and regulates other conductances (such as ORCC), its high expression, especially in the renal medulla, could protect the kidney from the functional defects observed in CF. 
Conclusion
In the kidney, CFTR protein and mRNA are detected in different nephron segments. CFTR in the kidney has been proposed to function as a regulator of the conductance of other channels (e.g., ENaC and ROMK) and to be involved in the acidification of endosomal vesicles present in the endocytotic pathway of PTs.
No expressive changes in renal function have been observed in patients with CF or in CFTR knockout mice. One possibility to show that renal function in patients with CF or in CFTR knockout mice does undergo minor changes is the replacement of CFTR function by other transporters or proteins where CFTR is absent or not functioning correctly. One candidate for this is TNR-CFTR, an alternative splice of CFTR, which, in vitro, functions as a wild-type CFTR. However, further studies are necessary to completely understand the role of TNR-CFTR in renal physiology.
